This report, from the Australian Rotavirus Surveillance Program and collaborating laboratories Australia-wide, describes the rotavirus genotypes identified in children and adults with acute gastroenteritis during the period 1 January to 31 December 2017. During this period, 2,285 faecal specimens were referred for rotavirus G and P genotype analysis, including 1,103 samples that were confirmed as rotavirus positive. Of these, 1,014/1,103 were wildtype rotavirus strains and 89/1,103 were identified as rotavirus vaccine-like. Genotype analysis of the 1,014 wildtype rotavirus samples from both children and adults demonstrated that G2P[4] was the dominant genotype nationally, identified in 39% of samples, followed by equine-like G3P[8] and G8P[8] (25% and 16% respectively).
Introduction
Rotaviruses belong to the Reoviridae family, and are triple-layered dsRNA viruses that contain a segmented genome, consisting of 11 gene segments that encode six structural proteins and six non-structural proteins. 1 The segmented nature of rotavirus has been attributed as one of the major processes by which the virus can evolve, since it allows for reassortment both within and between human and animal strains, leading to the emergence of novel rotavirus strains. 2 Rotaviruses are the most common cause of severe diarrhoea in young children worldwide, estimated to have caused 215,000 deaths in 2013 worldwide. 3 The latest figures are significantly lower than previous estimates of 611,000 deaths per annum, 4 primarily due to the introduction of rotavirus vaccines, such as Rotarix® [GlaxoSmithKline] and RotaTeq® [Merck] . These two live attenuated oral rotavirus vaccines have been shown to be safe and highly effective in the prevention of severe diarrhoea due to rotavirus infection, 5, 6 and have been introduced in the national immunisation programs of 100 countries, with a further 11 countries planning to introduce in 2019. 7 Since 1 July 2007, rotavirus vaccines have been included in the Australian National Immunisation Program (NIP), with excellent uptake in subsequent years across the nation. RotaTeq was administered in Queensland, South Australia, and Victoria, while Rotarix was administered in the Australian Capital Territory, New South Wales, the Northern Territory, Tasmania, and Western Australia. 8 In May 2009, Western Australia changed to RotaTeq, however, all states and territories in Australia have changed to Rotarix on 1 July 2017, under the National Immunisation Program. 9 A significant impact on acute gastroenteritis disease burden has been observed since vac-cine introduction, with studies showing a 78% decline across Australia in both rotavirus-coded and non-rotavirus-coded hospitalisations in children ≤5 years of age. 8, 10, 11 Over the first six years after implementation of the rotavirus immunisation program, ~77,000 hospitalisations were prevented. 11 Approximately 90% of hospitalisations prevented were in children ≤5 years, with evidence of herd protection in older age groups.
The Australian Rotavirus Surveillance Program (ARSP) has characterised the G-and P-genotypes of rotavirus strains causing severe disease in Australian children ≤5 years since 1999. Surveillance data generated by the ARSP have shown that strain diversity, as well as temporal and geographic changes, occur each year. 12 Ongoing characterisation of circulating rotavirus genotypes will provide insight into whether vaccine introduction has impacted on virus epidemiology, altered circulating strains, or caused vaccine escape strains, which could have ongoing consequences for the success of current and future vaccination programs.
This report describes the G-and P-genotype distribution of rotavirus strains causing severe gastroenteritis in Australia for the period 1 January to 31 December 2017.
Methods
Rotavirus positive faecal specimens detected by quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR), enzyme immunoassay (EIA), or latex agglutination in collaborating laboratories across Australia were collected, stored frozen, and forwarded de-identified to the Australian Rotavirus Reference Centre (NRRC) Melbourne, together with metadata including date of collection (DOC), date of birth (DOB), gender, postcode, and the collaborating laboratory rotavirus RT-qPCR cycle threshold (Ct) values. These specimens were received from the following 19 collaborating centres across Australia, located in the Australian Capital Territory (ACT), New South Wales (NSW), Northern Territory (NT), Queensland (Qld), Upon receipt, samples were allocated a unique laboratory code and entered into the NRRC sample tracking database (Excel and REDCap). Samples were then stored at -80 ⁰C until analysed. The presence of rotavirus antigen was confirmed using ProSpecT™ Rotavirus Test, a commercial rotavirus EIA assay (Thermo Fisher), as per manufacturer's instructions. Samples confirmed as rotavirus positive underwent genotyping analysis, whereas unconfirmed specimens (EIA negative) were not processed further ( Figure 2 ). Viral RNA was extracted from 10%-20% faecal extracts using the QIAamp Viral RNA mini extraction kit (Qiagen), according to the manufacturer's instructions. Rotavirus G-and P-genotypes were determined using an inhouse hemi-nested multiplex RT-PCR assay. The first round RT-PCR reactions were performed using the Qiagen One Step RT-PCR kit (Qiagen), using VP7 conserved primers VP7F and VP7R, or VP4 conserved primers VP4F and VP4R. The second round genotyping PCR reactions were conducted using specific oligonucleotide primers for G types G1, G2, G3, G4, G8, and G9, or P types P [4] , P [6] , P [8] , P [9] , P [10] , and P [11] . [13] [14] [15] [16] ii 25 samples were collected in Northern Territory, then referred to SA Pathology for rotavirus diagnostic testing (See Figure 1) The G-and P-genotype of each sample was assigned using agarose gel analysis of second round PCR products.
The VP7 and VP4 nucleotide sequence from PCR non-typeable samples was determined by Sanger sequencing, as the primers used in the current G-typing protocol could not assign a genotype to equine-like G3, G12, and unusual or uncommon rotavirus strains. Suspect vaccine excretion cases from RotaTeq states that could not be P-typed, or G1P [8] strains from infants within the age range of recent vaccination in Rotarix states were also sequenced. First round VP7 or VP4 amplicons were purified for sequencing by using the Wizard SV Gel for PCR Clean-Up System (Promega), according to the manufacturer's protocol. Purified DNA together with oligonucleotide primers (VP7F/R or VP4F/R) were sent to the Australian Genome Research Facility, Melbourne, and sequenced using an ABI PRISM BigDye Terminator Cycle Sequencing Reaction Kit (Applied Biosystems) in an Applied Biosystems 3730xl DNA Analyzer (Applied Biosystems). Sequences were edited with Sequencher v.4.10.1. Genotype assignment was determined using BLAST (http://blast.ncbi. nlm.nih.gov/Blast.cgi) and RotaC v2.0 (http:// rotac.regatools.be). 17 Samples sent or identified as vaccine-like were confirmed for vaccine by amplifying a portion of the inner capsid VP6 gene, using human Rot3/Rot5 primers and Superscript III One-Step RT-PCR System with Platinum Taq DNA Polymerase (Invitrogen), as previously described. 18, 19 This report presents data on samples collected from 1 January to 31 December 2017 from ACT, NSW, Tas, Vic, WA, and from 1 January 2017 -31 August 2017 in Qld and SA ( Figure 1 ). No samples were received from NT for the period of 1 June -31 December. Due to an overwhelming number of samples being sent to the NRRC for 2017 (most received after February 2018), any additional samples from Qld, SA or NT could not be included in this report, as they failed to be received within the reporting cycle required for the Program. Therefore, data presented in this report for the full calendar year is limited to ACT, NSW, and Tasmania for the states and territories that administered Rotarix in the NIP for the full 12 months in 2017 (herein referred to as Rotarix group), and WA/Vic for states that changed to Rotarix on 1 July 2017 (referred to as RotaTeq group).
Results

Number of isolates
A total of 2,285 rotavirus positive faecal specimens were sent to the NRRC during the period 1 January to 31 December 2017, for genotyping analysis (Figure 2 ). Samples with suspected low viral loads (n=94) were stored without analysis, as genotypes could not be consistently assigned to samples with low viral load/high Ct (Ct>27). A further 420 samples were not analysed due to samples being insufficient (n=8), missing (n=7), duplicate (n=86), or could not be confirmed as rotavirus positive by EIA (n=319). Additionally, 668 samples could not be processed due to time and resource limitations. The samples were stored for later analysis as required.
In 2017, 1,103 rotavirus positive samples from patients clinically diagnosed with acute gastroenteritis were identified. For analysis, these samples were divided based on whether a sample had no vaccine component identified (described herein as "wildtype rotavirus") or had a vaccine component identified based on VP6 or VP7 sequence analysis ("vaccine-like"). A total of 1,014 samples were confirmed as wildtype rotavirus positive by RT-PCR analysis. Of these, 449 were collected from children ≤5 years of age, and 490 were from older children and adults. Samples with no age data (n=75) were analysed In addition, 35 .2% (n=331/939) of all samples were from individuals ≥20 years of age.
Wildtype rotavirus genotype distribution
Genotype analysis was performed on the 1,014 confirmed rotavirus positive cases from children and adults (Table 2 ). G2P [4] was the most common genotype identified nationally, representing 39% of all specimens analysed. This genotype was identified as the dominant genotype in NT, SA, Tas, and WA, representing 99%, 68%, 40%, and 66% of strains respectively.
A previously described equine-like G3P [8] strain 20, 21 was the second most common genotype found in Australia, representing 25% of all strains nationally ( Table 2 ). The majority of these equine-like G3P [8] samples were found in NSW, representing 51% of all strains identified within the state. Equine-like G3P [8] was the dominant genotype identified in Tasmania, representing 48% of all strains identified in that state. G8P [8] was the third most common genotype identified nationally, representing 16% of all specimens. G8P [8] was dominant in Victoria, representing 43% of the state total, and was the second dominant genotype in NSW (25% of all genotypes identified in NSW). Other common genotypes identified nationally in 2017 included G3P [8] (8%), G9P [8] (4%), G1P [8] (1%) and G12P [8] (1%).
Twenty-eight (3% of rotavirus positive) specimens were identified as 'other', listed in Table 3 . G4P [8] , an otherwise globally common strain, was detected in NSW (n=3) and Tas (n=2). Whilst one sample was of mixed genotype (G1/G3P [8] ), a Equine-like G3P [8] b See Table 3 c A specimen where G-and/or P-genotype was not determined d Specimens collected in NT were received from interstate laboratories in SA (SA Pathology; n=25) and WA (PathWest Laboratory Medicine/Western Diagnostics Pathology; n=75) the remaining 22 samples represented 10 uncommon rotavirus genotypes. Seven of these strains included unusual combinations, such as G2P [8] , G3P [4] , G3P [6] , Equine-like G3P [6] , G6P [8] , G9P [4] , and G9P [9] . The remaining were represented by strains that contained an animal VP7 and/or VP4 component. Feline/canine-like G3P [3] was identified in one sample from the NT, feline/canine-like G3P [9] were identified in two samples in Vic, while bovine-like G8P [1] (n=1) was identified in NSW.
Genotypes identified in samples from children ≤5 years of age
449 wildtype rotavirus samples in total were collected from children ≤5 years of age (Table  4 ). Within this subset, G2P [4] was the most common genotype identified, found in 32% of all samples. Equine-like G3P [8] was the second most common genotype (29%), and G8P [8] strains were the third most common genotype (16%). G1P [8] , G3P [8] , G9P [8] , and G12P [8] , represented minor genotypes, identified in 1-10% of all genotypes. (Table 4 ).
Genotypes identified in samples from individuals >5 years of age
A total of 565 rotavirus samples were collected from children >5 years, adults, and patients with an unknown age (n=76) ( Table 5 ). As with the ≤5 years of age group, G2P [4] was the main genotype identified (44%), followed by equinelike G3P [8] (22%) and G8P [8] (17%).
Distribution of genotypes according to vaccine tendered in children ≤5 years of age
G-and P-genotypes of the 449 wildtype rotavirus samples were divided according to vaccine use (Figure 3 ). In states where RotaTeq was in use, G2P [4] was the dominant strain overall, representing 46%, compared to 18% in Rotarix states/territories. G8P [8] was the second most common genotype identified, representing 16% of all genotypes identified in RotaTeq states. However, in states and territories that used Rotarix, Equine-like G3P [8] was the dominant strain, representing 54%, compared to 5% in RotaTeq states (Figure 3 (Figure 4 ). Although samples were not able to be analysed for the full 6 months after the change from RotaTeq to Rotarix in all four states affected (Queensland, SA, Victoria, and WA) there was a good representation of data from Victoria and WA. In addition, no samples were received from NT for the period of 1 Jun -31 Dec, therefore data presented in this report for this period is limited to ACT, NSW, and Tasmania for the states and territories that administered Rotarix in the NIP for the full 12 months in 2017. In states where RotaTeq was in use from Jan to Jun, 2017, G2P [4] strains were the dominant genotype in children ≤5 years, identified in 63% of samples, however after the change to Rotarix in July, G2P [4] reduced to 16% (Jul-Dec 2017). However, a similar decrease in G2P [4] strains was observed in jurisdictions that used Rotarix for the whole year, from 56% for the period of Jan-Jun, to 7% in Jul-Dec. In the states that used Rotarix for the full 12 months in 2017, the decrease in G2P [8] strains coincided with an increase of equine-like G3P [8] , from 23% (Jan-Jun) to 62% (Jul-Dec). In contrast, equine-like G3P [8] maintained low levels of circulation (≤6%) between Jan-Jun and Jul-Dec in states that changed vaccines in July. An increase in G8P [8] strains was observed in all states and territories irrespective of vaccine used, from ≤4% in Jan-Jun, to 39% and 18% in Jul-Dec respectively (Figure 4 ). a Equine-like G3P [8] b See Table 3 c A specimen where G-and/or P-genotype was not determined a Equine-like G3P [8] b See Table 3 c A specimen where G-and/or P-genotype was not determined
Vaccine-like rotavirus specimens: Age distribution for rotavirus vaccine cases
During the 2017 reporting period, 89 samples were identified as rotavirus vaccine by VP6 and/ or VP7 sequencing. 97.8% of these were from the 0-6 months of age group, while 2.2% were from 7-12 month old patients.
Genotype distribution of specimens containing rotavirus vaccine component
The 89 samples that had sequence confirmation of vaccine-like VP6 and/or VP7 were processed further for genotype analysis ( Table 6 ). All samples identified as Rotarix (n=33) were genotyped as G1P [8] , while RotaTeq samples (n=56) had more varied genotype combinations, due to the pentavalent nature of the vaccine. Single genotypes were identified in 49 samples, including G1, G4, and G6 with either a P [8] or P nontypeable (P[nt]). Note that G6 samples had to be sequence-confirmed, as primers for this bovine vaccine component are not included in the routine G-typing primer mix. Other combinations included various mixed G-types that contained two to three of all human virus components (G1, G3, and G4) of the RotaTeq vaccine, with either P [8] or P[nt]. Fully non-typeable genotype results were attributed to 4 samples.
The majority of these P[nt] samples were most likely due to the bovine P [5] component of the RotaTeq vaccine, for which a separate heminested RT-PCR with specific bovine primers would have had to be used to identify the P [5] component. Due to time constraints, this was not performed for these samples.
Discussion
This 2017 Australian Rotavirus Surveillance Program report describes the distribution of rotavirus genotypes and geographic differences of rotavirus strains causing disease in Australia, for the period of 1 January to 31 December 2017. During this surveillance period, three genotypes were attributed to multiple large outbreaks across Australia: G2P [4] (in NT, SA, and WA primarily), equine-like G3P [8] (in NSW), and G8P [8] (in NSW and Victoria), representing 39%, 25%, and 16% of all strains identified respectively. Furthermore, rotavirus was also reported by collaborators as the cause of multiple outbreaks in childcare and elderly residential facilities, indicating that vaccine eligible and ineligible (due to age) groups are also at risk of developing severe rotavirus infections.
In Australia, G2P [4] strains have previously caused a substantial disease burden after vaccine introduction to the Australian NIP, particularly in states and territories that administered Rotarix throughout 2017. Furthermore, G2P [4] was associated with an outbreak in the Northern Territory (2009), despite Rotarix vaccine inclusion in the NIP. 22, 23 During this reporting period, the prevalence of G2P [4] had increased when compared to the previous year, where it was the dominant genotype (39% of all strains identified in 2017, compared to 29% in 2016). 24 Recently, G2P [4] has also increased in other countries such as Sweden, Japan, Brazil, and China. [25] [26] [27] [28] Although G2P [4] is currently circulating in both countries with and without rotavirus vaccine in their NIP, the question remains why this genotype causes such a burden in countries where rotavirus vaccines are available. 25, [28] [29] [30] An increased proportion of G2P [4] strains have also been reported in Belgium, Brazil, and Scotland, after introduction of the Rotarix vaccine. [30] [31] [32] Indeed, a Belgium study described higher incidence rates of G2P [4] in vaccinated hospitalised cases compared to unvaccinated hospitalised cases. 31 Lower effectiveness and waning heterotypic response afforded by Rotarix could have contributed to a decrease in herd immunity to this genotype. 22 However, G2P [4] strains also accounted for 46% of strains genotyped in states utilising the RotaTeq vaccine during this reporting period. A comparison of the RotaTeq component strain that was isolated in 1992, and G2P [4] strains circulating globally over the last decade, revealed substitutions in antigenic regions. 33 Thus, if current strains continue to accumulate mutations in antigenic regions, both rotavirus vaccines may need to be updated in order to maintain effectiveness.
Equine-like G3P [8] and G8P [8] also caused significant disease in Australia during this reporting period. Equine-like G3P [8] had previously been described as a dominant strain in Australia, primarily in states and territories that use Rotarix, however G8P [8] was considered a rare or unusual genotype in Australia. 20, 34 These two genotypes have recently emerged as either a predominant strain, or have caused outbreaks in other countries. For example, G8P [8] emerged after 2014 in Thailand, Vietnam, and caused outbreaks in Central Japan in 2014 and 2017. [35] [36] [37] [38] [39] [40] Equine-like G3P [8] (or P [4] ) also emerged after 2014 as a predominant strain in Germany, Hungary, Indonesia, Japan, and Spain. [40] [41] [42] [43] [44] [45] Thus, the circulation of these strains in Australia reflect global patterns, and not unusual changes unique to Australia.
As reported previously, the diversity of rotavirus genotypes in Australia since vaccine introduction has increased, with the emergence of more unusual zoonotic strains and novel genotypes in the post-vaccine introduction era. 34 During this reporting period, several animal-like genotypes were detected across all states and territories, including feline/canine-like G3P [3] (or P [9] ), G3P [6] , G6P [8] , G8P [8] , and G8P [1] . These unusual combinations have become more frequent during the past few years, and demonstrate that rotavirus genotype diversity is unpredictable, constantly evolving, and causes unique challenges to any rotavirus vaccination programs that are in effect. Indeed, rotavirus vaccination did not protect against the severity and magnitude of the G8P [8] outbreak in Japan, however, it did play a crucial role in limiting disease severity. 35 Not only were paediatric hospitalisations and outpatient visits due to acute gastroenteritis reduced, vaccine introduction also elicited a herd protection effect in older age groups. 46 During this reporting period, it was observed that children aged 13-24 months of age, and adults ≥20 years of age, were commonly affected by symptomatic rotavirus infection. Rotavirus associated outbreaks in elderly residential homes were reported to the NRRC by collaborators. This shift in age towards an older population, compared to vaccine-eligible age groups, is not a new observation in Australia; and has also been reported in China, Brazil, Finland, Sweden, and Japan. [25] [26] [27] 47 A study in China demonstrated the importance of infected children as reservoirs that sustain circulation of rotavirus in adults, where rotavirus infection from child-to-adult transmission was the most important epidemiological setting that impacted on public health. 27 Thus, the question is raised whether current licensed rotavirus vaccinations could be considered for other age groups such as the elderly, in order to reduce rotavirus disease burden not only in Australia, but globally. 26 Vaccine strains were detected less frequently in 2017 than in previous years. Due to the large quantity of samples that were sent for 2017, the request was made that previously identified vaccine-like strains (i.e. South Australia collaborators screening for RotaTeq by RT-qPCR) would not be sent or analysed as part of the 2017 ARSP. Another reason why this proportion has reduced may be that samples with a Ct higher than 27 would not be sent or analysed, as samples with such high Ct values were commonly too difficult to genotype, or were found to be associated with rotavirus vaccine secretion after recent vaccination. 48 Sequence confirmation of vaccine-like samples (i.e. G1P [8] , G1/G3/G4 with P [8] or P[nt]) is important, otherwise the prevalence of wildtype infections involving either G1P [8] , G3P [8] , or G4P [8] could be over represented. Indeed, since vaccine introduction in the Australian NIP, common genotypes such as G1, G3, and G4 have drastically dropped in prevalence, emphasising the beneficial effect of rotavirus vaccines. 34 Although multiple outbreaks and high incidence of rotavirus was reported for 2017, rotavirus vaccines have still significantly reduced the disease burden in Australia, and in other countries that have introduced rotavirus vaccines into their NIP. 11, 46, 47 This year marked an important change in the Australian NIP, from including both RotaTeq and Rotarix in the vaccine schedule in different states and territories, to exclusively Rotarix Australia-wide on 1 July 2017. 9 However, potential changes in rotavirus distribution and diversity as a result of this change will most likely not be seen until at least three years have passed, as seen previously when Western Australia changed from Rotarix to RotaTeq in 2009. 34 Continued monitoring of rotavirus distribution and diversity is required, to inform vaccination programs how the everchanging epidemiology of rotavirus strains will challenge vaccine effectiveness.
In this 2017 annual report, an increase in rotavirus disease caused by G2P [4] , equine-like G3P [8] , and G8P [8] was described. G2P [4] was the dominant genotype for the second year in a row, while equine-like G3P [8] continued to cause significant disease burden in Australia. All samples collected from Australian Capital Territory, New South Wales, Tasmania, Victoria, and Western Australia (1 Jan to 31 Dec) were analysed and included in this report. Due to an overwhelming number of samples being sent to the NRRC for 2017 (most received after February 2018), this report reflects samples collected from 1 Jan -31 Aug for Queensland and South Australia. Samples were not available from Northern Territory for the period of 1 Jun -31 Dec 2017. The data from 2018 which marks the first full 12 months after change to Rotarix vaccine in all states and territories will provide the first indication of the impact this change may have had on circulating rotavirus strains. However, based on previous observations from the pre-and post-rotavirus vaccine introduction eras in Australia, these trends may take 5 to 10 years to become clear. 34 Prof Julie Bines; 
